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CoFe2O4 (CFO), one among these spinel ferrites, is the most useful hard ferrimagnetic material, which exhibits unique properties such as strong spin-orbit (L-S) coupling, high Curie temperature, high coercivity, high magneto-crystalline anisotropy, moderate saturation magnetization, large
Kerr effect and Faraday rotation, good mechanical hardness and chemical stability. [1] [2] [3] [4] [5] [6] [7] Cobalt ferrite based materials find attractive applications in microwave and spintronic devices, solar cells, magnetostrictive sensors, drug delivery, transducers, actuators, lithium batteries, super capacitors and memory devices for computers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Currently, nanoparticles and nano-architectures of CFO-based materials are gaining tremendous interest in view of their ability to exhibit tunable electrical and magnetic properties, which could be exploited in numerous technological applications. 2, 3, 8, 10 Furthermore, higher values of magnetostriction make CFO a potential candidate material for 'strain sensor and actuator' applications. 11 Cobalt ferrites can be combined with a piezoelectric/ferroelectric material resulting in the multiferroic/magnetoelectric hetero-structures for application in multifunctional and tunable magneto-electronic devices.
However, the origin of a wide variety of properties of phenomena of CFO-based intrinsic, doped, or composite/hybrid materials is primarily associated with the structural arrangement and/or deliberate modification of the intrinsic structure by the dopant ions or materials at the interface.
Cobalt ferrite offers an excellent platform from solid state, crystallography and structural chemistry point of view. The cubic spinel structure in which the oxygen atoms are placed in a cubic close-packed arrangement with the metal atoms residing at tetrahedral and octahedral sites, labeled as A and B sites, respectively, is the characteristic of CFO. 14 It is well known that altering the occupancies of the A and B sites can give rise to slight variations in the spinel structure, which can affect the corresponding nature and magnitude of super-exchange interactions namely, A−A, B−B, and A−B, of which the A−B interactions tend to be highly significant. 14 Recently, substitution for Fe 3+ in spinel ferrites has been gaining tremendous importance to design materials for utilization in high-density magnetic recording, enhanced memory storage, magnetic fluids, and catalyst applications. 2, 6, 9, [12] [13] [14] [15] [16] [17] [18] [19] [26] [27] [28] In general, the chemical and physical nature of the ion/dopant into CFO matrix allows tuning the final magnetic, dielectric and electrical characteristics. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Specifically, the degree of modification that can result in the properties and phenomena of CFO depends on the ionic radius, the electronic configuration of the substituting ion, its site preference (A versus B site), and the extent of distribution at the specific sites within the spinel structure. [15] [16] [17] The goal of the present work is to derive a comprehensive understanding of the molybdenum (Mo), which is a non-magnetic transition metal and with d o electron configuration, incorporation induced effects on the crystal structure, morphology, magnetic behavior, and dielectric and electrical transport properties of CFO.
The impetus for the present work is twofold. Understanding the fundamental aspects of non-magnetic Mo incorporation on the structure and properties of CFO is the first. It has been already recognized that, among many possible ways of engineering the advanced functional materials based on ferrites, doping with different RE/TM-ions is a well-adopted, straightforward and versatile way to tune the structure and properties. 2, 5, 6, 9, 12, [16] [17] [18] [19] [20] Interestingly, as presented and discussed in this paper, the results demonstrate a significant and remarkable effect of Mo incorporation on the structure and magnetic properties of CFO. Based on the results, a chemistry(Mo)-structure(CFO)-magnetic property correlation in CFMO compounds is established.
II. EXPERIMENTAL DETAILS
The CoFe2-xMoxO4 (x=0.0-0.3) ceramics were prepared by the conventional solid-state reaction method. Cobalt oxide (CoO, 99.5%; NOAH Tech., USA) Iron Oxide (Fe2O3, 99.95%; NOAH Tech., USA) and molybdenum oxide (MoO3, 99.5%; Alfa Aesar, USA) powders were used.
The powders were mixed by agate mortar and pestle in ethanol for 2 h. After drying, the mixtures were calcined at 1200 °C for 12 h. Then the powder was mixed with 5 wt% polyvinyl alcohol (PVA) solution and then pressed into pellets in a Carver press into disk specimens with a diameter of ~7.8 mm and a thickness of ~1.5 mm under 5-ton pressure. The disks were sintered at 1300 °C for 6 h in air in a box furnace with heating and cooling rates of 10 • C/min. Phase identification and crystal structure of the materials synthesized were investigated using X-ray diffraction (XRD) measurements employing a Bruker D8 Discover X-ray diffractometer. Measurements were made at room temperature using Cu K radiation (λ=1.5406 Å). Surface morphology of CFMO compounds was examined by scanning electron microscopy (SEM). The microstructures were observed with the scanning electron microscope (SEM; Hitachi TM1000). The chemical analysis of CFMO samples, specifically the chemical state of Mo has been determined using a Physical
Electronics Versaprobe X-ray photoelectron spectroscopy (XPS) system. The system utilizes a Mg
Kα radiation (1253.6 eV) source. The binding energy was calibrated with reference to the C 1s level of carbon (285 eV). Survey scans as well as high energy resolution scans were obtained for a detailed chemical analysis of the samples. CasaXPS software was used for atomic composition and peak fitting analysis. To fit the high energy resolution spectra, Gaussian-Lorentzian line shapes were used along with Shirley background subtraction for accurate peak area determination.
The superconducting quantum interference device (SQUID) and versalab VSM were employed to perform magnetization measurements with a sensitivity of 10 -7 emu.
III. RESULTS AND DISCUSSION

A. Crystal Structure and Chemical State -XRD and XPS
XRD patterns of pure CFMO (x=0.0-0.3) are shown in Fig. 1 . XRD data indicate that the CFMO crystallizes in the inverse spinel phase without any impurity phase. The peaks observed and their assignment are as indexed in Fig. 1 (1)
where M is the molecular weight, N is the Avogadro number, n is the number of formula units per unit cell, m is the mass, r is the radius and h is the thickness of the pellet. The density variation of CFMO compounds with Mo context (x) is shown in Fig. 4 similar behavior with the incorporation of Gd into CFO and interpreted such density increase are due to density and atomic weight of Gd is larger than that of Fe. 12 However, on the other hand, it can be noted that there is a difference in theoretical density and effective density (Table I) of the CFMO compounds which might be due to the small percentage of pores and/or atomic scale defects, which cannot be avoided in ceramics fabricated by high temperature solid state ceramic processes. Finally, to understand the effect of Mo on the crystal growth and kinetics, the variation in average crystallite size of the CFMO samples was considered. The crystallite size (d) was calculated from the integral width of the diffraction lines using the Scherrer's equation after background subtraction and correction for instrumental broadening. 40 The Scherrer equation 40 is:
where d is the grain size, λ is the wavelength of X-rays, β is the width of a peak at half of its intensity, and θ is the angle of the peak. The variation of crystallite size with x(Mo) is presented in Fig. 5 . It can be noted that the crystallite size is in the range of 40-54 nm for CFMO materials.
It is important to recognize that the Mo incorporation induces the crystallite size increase, which can be due to difference in the ionic radius of Mo compared to Fe in CFMO. Since the difference in ionic radius Mo replacing or substituting for Fe in CFO is relatively large, higher content (x) of
Mo doping results in mobility differences, which results in the average size increases as well as agglomeration of smaller crystallites to contribute to the grain growth as noted in SEM analyses as presented below.
B. Morphology -SEM
The SEM data of CFMO ceramics are shown in Fig. 6 as a function up. In addition, it is observed that the saturation magnetization (Ms) is almost independent of temperature, unlike the coercive field (HC), which is strongly temperature-dependent. This is consistently noted in all the samples studied here. These are the hallmark signatures of ferrimagnetic materials 32 .
In The observed Hc in our sample is consistent with previous observations reported (~ 2000 -2500
Oe) on CFO powders and thin films. 43 In the case of RE element (Er, Nd) doped CFO, Hc increased sharply at the low doping and stayed constant at further higher doping level (0-4%), and argued to be due to strong spin-orbit coupling of rare-earth elements. 8, [44] [45] [46] Similar to the present work, the Zn doped CFO shows decrease in coercivity (525-165 Oe) as a function of doping (0-10%). 47 While we do not have a definite experimental evidence to show whether Mo enters into tetrahedral or octahedral site in CFO lattice, this issue is still under discussion in the literature 32, 48 . In their previous work, the authors in ref [32] reported that Mo occupies tetrahedral position in CFO lattice.
After about 5 years later, in contradiction, the same group reported 48 that it goes into octahedral site using neutron diffraction study. This is partly due to the complex substitutional nature of Mo cations. While it is hard to pinpoint the exact mechanism(s) for the doping dependent magnetic behavior, our combined experimental findings led us to believe that the complex magnetic exchange interactions between the guest (Mo +4 , Mo +5 , Mo +6 ) and the host (Fe 3+ , Co 2+) transition metal ions could be at play. In addition, one has to consider their strong spin-orbit coupling, and corresponding magneto crystalline anisotropy to account for doping dependent magnetic behavior.
To get additional insights, neutron diffraction measurements are being planned. The present study coupled with literature works shows that CFO exhibits distinct magnetic properties when CFO is doped with transition metal elements such as Mo, Zn and rare-earth elements such as Er, Nd and Dy.
IV. SUMMARY AND CONCLUSIONS
The effect of molybdenum (Mo) incorporation on the crystal structure, surface morphology, and magnetic properties of cobalt ferrite has been investigated in detail. The intrinsic 
